3GALase, β(1-3) galactosidase; 4GALase, β(1-4) specific galactosidase; AP, alkaline phosphatase;
Introduction
From time immemorial midwives and mothers have known about the benefits of breastfeeding for the newborn infants. In the last decades, several important health benefits far beyond the simple nutrition were revealed and dedicated to HMOS.[1] HMOS provide only a part of the human milk composition ranging from 5 to 23 g/L, [2] but they present a nearly unique diversity in the mammalian class. [2b, 3] The extreme diverse HMOS composition includes several complex high molecular structures, only present in very small amounts. [4] The HMOS composition depends on the phenotype, and it changes during lactation. [5] A straightforward technique, which can handle only traces of compounds, is capillary gel electrophoresis with laser-induced fluorescence detection (CGE-LIF). [6] Development and improvement of novel high throughput methods and databases offer novel opportunities like fingerprinting. [7] Nevertheless, structural elucidation of HMOS compounds that are present in human milk only in traces stays an extremely challenging task. In particular, very rare structures or only putative existing structures are usually not available as reference standards. Without any reference and the possibility to annotate these structures in common databases, the identification and structural elucidation of these structures in native samples are even more challenging. Providing tailored HMOS and HMOS like structures beyond the known existing structural diversity as references and standards can be a promising strategy to identify and elucidate novel HMOS structures. The enzymatic synthesis of HMOS is a common strategy. [4a, 8] Several in vivo and in vitro systems can be found in the literature. [4a, 9] In that respect in vitro systems provide the benefit to deliver well-defined products or product distributions and can be directed to form high molecular structures. HMOS are generally based on lactose and are propagated with repeating Nacetyllactosamine (LacNAc) units in a linear or a branched pattern.[3b, 4a, 4c] Enzymatic cascade reactions including recombinant human β1,4-galactosyltransferase-1 (β4GalT), [10] bacterial β1,3-N-acetylglucosaminyltranserase (β3GlcNAcT), [11] and bacterial β1,3-galactosyltransferase (β3GalT) [12] have been used for one-pot and sequential poly-LacNAc synthesis. [12a, 13] Here we present, to the best of our knowledge for the first time, the integration of these enzymatic tools in semi-sequential setups for the synthesis of linear Lacto-N-biose-type (LNT) and Lacto-N-neo-type (LNnT) HMOS, far beyond the known naturally occurring length, up to 26 and 30 sugar units, respectively. In this way, the efficient method provides a wide range of LNT, LNnT HMOS and HMOS like oligosaccharides as reference standards for human milk structural analysis, e.g. by multiplexed capillary gel electrophoresis with laser-induced fluorescence detection (xCGE-LIF), a powerful tool for glycoanalysis.
[7c] We further demonstrate the high resolution of this high-performance tool by separating challenging linkage isomers of the Lacto-N-biose-Type and Lacto-N-neo-type. Our approach allows monitoring of product formation in complex enzymatic reaction cascades including the verification of desired isomers. Pushing the xCGE-LIF based analytics to its limit reveals the formation of up to 30mer LNnT and 26mer LNT like oligomers and gives new insights into the substrate specificity of the involved enzymes.
Materials and methods

Production of recombinant enzymes
Protein expression and purification were carried out as reported previously. [10, 12a, 13-14] The β1,3-N-acetylglucosaminyltransferases from Helicobacter pylori was produced as a fusion with an N-terminal maltose binding protein (MBP-β3GlcNAcT, designated as β3GlcNAcT) in E. coli BL21 (DE3) (Novagen/Merk) as described previously. [11-12, 13, 14c] The human β1,4-galactosyltransferase-1 fusion protein (β4GalT) carrying an N-terminally fused lipase pre-propeptide from Staphylococcus hyicus with His 6 -tag and was expressed in E. coli SHuffle T7 Express (New England Biolabs). [10, 12a, 13] The β1,3galactosyltransferase from E. coli O55:H7[12b] with a C-terminal fused pp and His 6 -tag (β3GalT) was produced in E.coli BL21 (DE3) (Novagen/Merk) as described previously. [12a] Cells were harvested by centrifugation after 24h cultivation. The cells were disintegrated by sonificating a 40% w/v cell suspension. After centrifugation (13,000 rpm, 5 min) the supernatant was used for purification. His 6 -tagged proteins were isolated by a HisTrapTM HP 5 mL column (GE Healthcare) and MBP-tagged proteins by an MBPTrap HP 5 mL column also from GE Healthcare as recommended by the manufacturer. For purification of the β3GalT, 2% TritonX was added to the elution buffer. For the β3GlcNAcT and the β3GalT, a buffer exchange was carried out by dialysis. The β3GlcNAcT dialysis buffer contains 20 mM Tris-HCl at pH 7.4, 200 mM NaCl, 1 mM EDTA and 1 mM DTT. The β3GalT dialysis buffer contains 100 mM NaH 2 PO 4 at pH 7.5 500 mM NaCl and 5 mM DTT.
Capillary electrophoresis -laser-induced fluorescence detection (CE-LIF)
The CE-LIF analysis was carried out on an Agilent 7100 CE instrument with a Picometrics LIF detector (ex450nm) using a 50 µm ID PVA capillary with 65 cm total length and 45 cm effective length. Samples were injected with 30 mbar for 10 s. As separation buffer 40 mM ε-aminocaproic acid (pH 4.5, acetic acid) with 0.02 % (w/v) hydroxypropylmethylcellulose was used with -20 kV voltages at 20°C.
Enzyme activity assay by CE-LIF
The activity of β3GlcNAcT for 5 mM acceptor substrate 1 was carried out at 30°C in 100 mM HEPES-NaOH, pH 7.5, 25 mM KCl containing 6.5 mM MgCl 2 , 6.5 mM MnCl 2 , 6.5 mM UDP-GlcNAc, 6 U alkaline phosphatase (AP) and 10 µg purified β3GlcNAcT in a final volume of 50 µL. The activity of the β3-and the β4GalT for 5 mM acceptor substrate 2 was determined under the same conditions with 6.5 mM UDP-Gal. The reaction was stopped at different time points by heating (95°C for 5 min). The supernatant was used for a fluorescent labeling step with 8-aminopyrene-1,3,6-trisulfonic acid (APTS) and a HILIC-SPE post derivatization sample clean-up according to Hennig et al. as briefly described in the corresponding section.
[7b] Samples were measured by CE-LIF. The volumetric activity (U/mL) was calculated from the linear slope area.
APTS labeling and HILIC-SPE clean-up
Sample labeling and clean-up was carried out as previously described previously. 
Synthesis of LNnT oligomers (mainly GlcNAc terminated)
The synthesis of LNnT oligomers was carried out in a 10 mL scale over 48 h at 30°C. The reaction was buffered by 100 mM HEPES (pH 7.5) and contains 25 mM KCl, 15 mM MgCl 2 , 15 MnCl 2 , 15 mM UDP-Gal, 15 mM UDP-GlcNAc and 5 mM Lactose (Compound 1). 150 mU β4GalT, 150 mU of the β3GlcNAcT and 20 U alkaline phosphatase (AP) were added to start the reaction. The reaction was stopped by denaturation of the enzymes by a 5 min. heat treatment at 95°C. Precipitated enzymes were removed by centrifugation for 5 min at 15.000 rpm.
Synthesis of LNnT oligomers (Gal terminated)
For the synthesis of β4Gal terminated LNnT oligomers, a 5 mM Lactose solution was treated as described for the GlcNAc terminated oligomers. After stopping the reaction by a heat treatment additional 150 mU β4GalT, 20 U AP and 5 mM UDP-Gal were added and incubated over 24 h at 30°C. The enzyme was removed as already described.
Synthesis of LNT oligomers (Gal terminated)
Synthesis of β3Gal terminated LNT oligomers was performed as described for the β4Gal terminated LNnT oligomers. A 5 mM Lactose solution was treated as described for the GlcNAc terminated oligomers. After stopping the reaction by a heat treatment 150 mU β3GalT, 20 U AP and 5 mM UDP-Gal was added and incubated for 48 h at 30°C. The enzyme was stopped and removed as described before.
xCGE-LIF
Sample preparation for xCGE-LIF based glycoanalysis was performed as previously described:[7b] oligosaccharides were first labeled with APTS (Sigma-Aldrich), and the excess label was then removed using polyacrylamide based stationary phase in hydrophilicinteraction-chromatography (HILIC) mode. xCGE-LIF measurement of purified fluorescently labeled oligosaccharides was performed as published. [15] Briefly, one µL of HILIC-SPE eluate (or previously diluted sample eluate) was mixed with one µL GeneScan™ 500 LIZ™ Size Standard (1:50 dilution in HiDi) and ten µL Hi-Di™ Formamide (both Life Technologies). The mixture was transferred to a 384-well plate, septa sealed and 
Cotton HILIC-SPE clean-up
Purification of unlabeled oligosaccharides used for MALDI-TOF-MS analysis was performed by cotton hydrophilic interaction liquid chromatography (HILIC) solid phase extraction (SPE) as described previously. [16] Briefly, samples removed from -20 °C were allowed to return to room temperature before proceeding. One μL of sample was mixed with 40 μL of 85% ACN (Optima LC/MS Grade, Fisher Scientific) prior to purification. Twenty microliter pipet tips packed with cotton thread were conditioned and equilibrated by pipetting three times 20 μL of Milli-Q water, followed by three times 20 μL of 85% ACN. The sample was loaded by pipetting 20 times into the reaction mixture. The tips were washed three times with 20 μL of 85% ACN 1% TFA (Thermo Scientific), and three times with 20 μL of 85% ACN. Subsequent elution was performed in 10 μL of Milli-Q water. 
MALDI-TOF-MS
Results
In order to synthesize linear, long-chained Lacto-N-neo-type and Lacto-N-biose-type oligomers, a one-pot cascade reaction with human β1,4-galactosyltransferase-1 (β4GalT) and a β1,3-N-acetylglucosaminyltransferase (β3GlcNAcT) from Helicobacter pylori was carried out (Scheme 1). We obtained mainly N-acetylglucosamine terminated uneven LNnT oligomers (Figure 1 A) besides partially converted lactose as analyzed by xCGE-LIF.
Galactose terminated LNnT structures were present only in traces. These results confirmed previous studies on the substrate preference of β3GlcNAcT for longer LacNAc (Galβ1-4GlcNAc) glycan repeats. [13, 17] After enzyme removal, human β4GalT and β1,3galactosyltransferase (β3GalT) from E.coli were used for the synthesis of LNnT oligomers (Figure 1 B) or LNT oligomers (Figure 1 C) , respectively.
While human β4GalT1 fully converts long-chained poly LacNAc structures (Figure 1B) we obtained with bacterial β3GalT a mixture of LNT type oligomers with remaining GlcNAc terminated-and LNnT type oligomers (Figure 1 C) . We confirmed our previous studies that the bacterial enzyme is less specific for long poly-LacNAc glycan substrates. [12a, 14b] Quantification of relative product distribution and MALDI-TOF analyses shows that LNT and LNnT glycan structures with up to 14 to 15 sugar units are detectable (Table S1, Figure   S1 -S3). Moreover, even the challenging linkage isomer mixture of LacNAc type 1 and type 2 terminated glycans (Figure 1 C) was separated and detected by xCGE-LIF.
These synthesis strategies (Figure 1 A-C) gave a broad product distribution for LNnT and LNT based glycan as analyzed by xCGE-LIF ( Supplementary Materials, Table S1 ).
Novel structure evaluation
xCGE-LIF has been demonstrated as versatile HTS method for glycan analysis of complex biological samples to decipher even minor changes in N-glycan/oligosaccharide fingerprints.[7c, 15, 18] We here utilize xCGE-LIF as an ideal method for high throughput monitoring of LNT and LNnT type oligomers from synthetic enzyme reactions.
Identification and annotation of oligosaccharides were carried out based on our internal HMOS database (comparison of migration times). The structural assignment was additionally confirmed by spiking defined amounts of purchased HMOS standards to the unknown samples (data not shown). However, only oligosaccharides up to octaose were commercially available for spiking-in and database build-up. The identity of long linear LNTs and LNnTs produced in this study needed, therefore, to be further examined by exoglycosidase digests, cleaving specific monosaccharide residues from nonreducing termini ( Supplementary Materials, Figure DS1-3) . Samples were then re-analyzed by xCGE-LIF and, based on the characteristic peak shifts that depend on the type of terminal monosaccharide cleaved, its linkage and even position in an oligosaccharide, the oligosaccharide structures could be identified. In this study we used β(1-2,3,4,6) N-Acetylglucosaminidase to trace GlcNAc terminated LNnT oligomers (Figure 2), β(1-4,6) galactosidase for all oligosaccharides with galactose at nonreducing termini ( Supplementary Materials, Figure DS1) , β(1-4) galactosidase more specifically for even LNnT oligomers ( Supplementary Materials, Figure DS2) , and β(1-3) galactosidase for even LNT oligomers ( Supplementary Materials, Figure DS3 ). As pinpointed above, this high resolution method allows detecting even minor structural differences between oligosaccharides, like in the case of structures differing only in the linkage type of terminal galactose (LNT vs. LNnT; Figure 1 (C) ). As such, the method has been proven to be competitive to MS-based methods used for HMOS identification that generally only provide structural information on a compositional level ( Supplementary Materials, Figure S1-3) .
Detection of the larger low abundant oligosaccharides
Chemical synthesis of oligosaccharides beyond 18mer is very rare and extremely challenging, involving many complex synthesis reactions.
[19] Therefore, we further investigated what is the longest oligosaccharide structure we can enzymatically synthesize and detect by xCGE-LIF. For this purpose, samples were concentrated 240 times and reinjected. Linear oligosaccharide chains up to 30mer could be detected. In detail, even numbered LNnTs 30mer, uneven numbered LNnTs 29mer, and even numbered LNTs 26mer were synthesized (Figure 3) . Electrokinetic injection applied in xCGE-LIF is sensitive to the salt content. Sample concentration increased the salt content in the loading sample, which might be the limiting step and reason why we do not observe even longer oligosaccharides. Additional sample purification to reduce the salt content and prefractionation to reduce the amount of small linear HMOS could make even larger structures detectable. Nevertheless, this is still the largest linear HMOS like structure ever synthesized by any method.
In natural samples linear LNTs and LNnT HMOS structures up to octaose oligomers were identified. [3a, 3b, 20] yields. [12a, 13, 14b, 14c, 25] The enzymatic synthesis of long chained poly LacNAc oligomers has been carried out in previous studies up to dodecaoses. [13, 26] Nevertheless, the enzymatic in vitro synthesis of linear LNT and LNnT HMOS was demonstrated only for tetra -and hexaose structures before. [3a, 3j, 4a, 12b, 27] Whole cell biotransformation, which can reach multigram scales easily, seems to be actually very limited to reach mainly LNnT tetraoses, low levels of hexa-and octaoses. [9, 28] With our synthesis strategy we achieved large linear HMOS like structures far beyond so far published. We applied optimized conditions published previously by Rech et al. where the influence of ratios of enzymes, donor and acceptor substrates were thoroughly investigated. [13] Dodecaose poly-LacNAc structures could be detected by HPLC-MS. [13] However, with the high resolution and highly sensitive xCGE-LIF based glycoanalysis, even longer glycan structures could be observed.
Besides pushing the glycoanalysis to new limits, we demonstrate here for the first time β4GalT1 activity with poly-LacNAc substrates up to 30 sugar units. The human β4GalT1 is of special interest, since it was isolated from human milk samples indicating its role in the natural HMOS synthesis. [29] We may conclude from the catalytic efficiency of human β4GalT1 that some of the novel long chained HMOS like structures may occur also in traces in nature. [30] Concluding, we here demonstrate for the first time the synthesis of linear LNnT oligomers up to 30 sugar units and LNT oligomers up to 26 sugar units by the use of recombinant Leloir-glycosyltransferases. Compared to published data, we obtain a length far beyond the known, natural occurring octaoses for linear LNnT and LNT oligomers. [3a, 3b, 20] Since already the abundance of the known linear long chained HMOS in human milk is relatively low, the chance to identify putative bigger structures occurring in traces without any references, is imaginable low. The semi one-pot strategy was key to achieve synthesis of such novel tailored HMOS reference standards with defined broad structural distribution.
Combination with a high performance high throughput system is a promising strategy to identify and elucidate even very rare glycan structures in natural samples. The presented xCGE-LIF system allows a database annotation (structure identification via migration time matching) and thereby enables the possibility for future screening or fingerprinting projects to identify even rare novel structures in native samples much easier. In this connection, we rate the demonstrated principle to provide enzymatic tailored reference standards as a very general and straightforward strategy.
for providing oligosaccharide standards for xCGE-LIF analysis.
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